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Aquatic ecosystems are constantly changing due to natural and anthropogenic stressors. When dealing with such 'moving targets', one of the greatest challenges faced by scientists, managers and policy makers is to use appropriate time scales for environmental assessments. However, most aquatic systems lack monitoring data, and if a programme does exist, rarely have data been collected for more than a few years. Hence, it is often difficult or impossible to determine the nature and timing of ecosystem changes based on these short-term datasets. Furthermore, as environmental assessments are typically performed after a problem is identified, critical data regarding pre-disturbance (or reference) conditions are rarely available. Here, I summarize some recent studies employing lake sediment analyses (i.e. palaeolimnology) that have provided retrospective assessments of ecosystem changes that have been emerging slowly and often innocuously 'under the radar'. My examples include the identification of legacy effects of acid rain and logging, namely long-term declines in calcium concentrations in softwater lakes, which have led to significant repercussions for ecosystem services. I then show that past trajectories of aerial pollution from the burgeoning oil sands operations of western Canada can be tracked using environmental proxies preserved in dated sediment cores, and how these data can be used to determine the relative contributions of natural versus industrial sources of pollutants. I conclude by reviewing how palaeolimnological analyses have linked climate change with the proliferation of harmful blue-green algal (cyanobacterial) blooms, even without the addition of limiting nutrients. Collectively, these studies show that effective ecosystem management, particularly for incremental environmental stressors, requires temporal sampling windows that are not readily available with standard monitoring, but can be supplemented with high-resolution lake sediment analyses.
The challenges of using appropriate time scales in environmental studies
We live in a multiple-stressor world, where new threats to water quality [1] are recognized at an alarming rate and added to an already long list of environmental pressures [2] . Furthermore, climate change often acts as a 'threat multiplier', amplifying many water quality problems [3] . Effective environmental management is often hampered by inadequate monitoring data, both spatially and temporally. Similar to the arrival of paramedics at an accident or police officers at a crime scene, environmental managers often only become aware of water quality issues after complaints are received from local stakeholders (e.g. concerns about dead fish, algal blooms, taste and odour problems, etc.). By this point, a problem has already occurred, necessitating a remediation approach with limited opportunities for mitigation.
In my view, there is a critical disconnect between the time scales at which many of our most pressing environmental problems develop and the relatively short temporal records collected through standard environmental monitoring & 2019 The Author(s) Published by the Royal Society. All rights reserved.
programmes. Moreover, public perception of environmental problems is often driven by media reports that typically focus on major environmental catastrophes, or what I refer to as 'sledgehammer problems', such as failures in tailings ponds, oil spills and other large releases of pollutants. Despite the clear importance of such issues, the vast majority of stressors threatening freshwater ecosystems act incrementally, on much slower and longer time frames (i.e. decadal scales), and can slip 'under the radar' of most short-term monitoring programmes.
When confronted with an environmental problem, the typical questions posed by ecosystem managers include the following. (1) What were the pre-disturbance conditions? (2) What is the range of natural variability? (3) Have conditions changed, and if so, when, how and why? Each of these questions has an associated time component, and these temporal perspectives are often lacking in environmental assessments. For example, some years ago (summarized in [4] ) I undertook an analysis of the length of time covered by most environmental monitoring programmes published in the international journal Environmental Monitoring and Assessment. Of the 302 relevant papers I assessed, covering the period 1981-1993, over 70% were 1 year or less in duration. Now, about 25 years later, I undertook a similar analysis that shows little has changed. For example, of the 423 papers that addressed monitoring published in the 2018 volume of Environmental Monitoring and Assessment, about two-thirds were less than 1 year in duration, with over 80% of studies less than 3 years long (figure 1). Certainly, 3 years or less of data is enough time to answer many important environmental questions; however, such short time frames can rarely answer the questions posed above. For these issues, decades of monitoring data are required-data that are not provided by most assessments.
Fortunately, virtually all water quality problems leave behind clues ( proxy data) in lake sediments that can be recognized using palaeolimnological approaches [4, 5] . Below I review some emerging water quality problems affecting ecosystem services whose trajectories occurred 'under the radar', and were often not easily identified by standard monitoring programmes. In lieu of (and at times used in complement with) direct monitoring data, palaeolimnological approaches-interpreting the physical, chemical and biological information preserved in dated lake sediment cores-were used to provide retrospective environmental assessments of these issues and played a key role in answering important questions critical to lake management and in generating and testing new hypotheses.
Acid rain and 'aquatic osteoporosis': declining calcium levels in softwater lakes
Acid rain rarely makes headlines today, but in the 1980s and the early 1990s it was the leading environmental problem in large parts of North America, Europe and elsewhere. I begin this perspective with the early palaeolimnological approaches used to study acid rain, as these studies were important for the development of new approaches and protocols, many of which were then seamlessly modified to address a wide spectrum of other water quality issues [4] . Furthermore, in many respects, lake sediment studies dealing with acid rain provided the kindling that ignited the interest in palaeolimnology of other limnologists and environmental scientists. Through their work on acid rain, palaeolimnologists were able to show that lake sediments, if analysed properly, do in fact archive reliable and reproducible records of past lake conditions, which can be quantified using robust numerical approaches. Importantly, palaeolimnological analyses provided the missing data that short-term monitoring programmes were unable to capture. Key questions included: have lakes acidified? If so, when, by how much and why? It is an anachronism to say these were easily answerable questions-similar to climate change, the acid rain 'debates' were highly polarized and politicized, and lacked direct monitoring data on relevant time scales. For industries and individuals who did not believe (or claimed not to believe) that emissions of sulfur and nitrogen gases were causing acid precipitation, it was 'convenient' to claim that lakes had always been acid or that acidification was a result of natural processes or land-use changes. After all, S. P. L. Sør-ensen only developed the pH function in 1909-so how could one determine the pH levels of lakes back in the early 1800s, before acid rain was a significant issue? An inconvenient truth for these individuals and industries was that lake sediments had recorded past changes in aerial emissions and how the lakes responded, allowing for accurate reconstructions of past lakewater pH, based mainly from diatom-based transfer functions (reviewed in [6] ), but supported by many other types of proxy data [4] .
It is not my goal to review the large number of publications that resulted from palaeolimnological assessments of acid rain, but rather to conclude that: (1) sediment studies revealed many acidic lakes that did acidify due to industrial emissions; (2) background ( pre-impact) reference conditions could be determined; and (3) recovery (if any) from mitigation efforts could be identified and quantified [7] . Although some 'threshold-type' changes occurred with acidification, such as the loss of fish populations tracked using subfossil Chaoborus mandibles (reviewed in [8] ), most of the changes occurred slowly on relatively long time scales, beginning long before any comprehensive water monitoring programmes were established.
Emission controls on sulfur compounds, based partly on the evidence provided by robust palaeolimnological data, The length of studies using point sampling was measured as the number of years in which sampling occurred, and those using continuous sampling were measured by the duration in days rounded to the nearest year.
were implemented for many regions and, as a result, most observers would consider lake acidification a partial global success story-at least when it comes to lakewater pH. However, other legacies of acid rain were slowly occurring with ecological consequences that were 'under the radar'. One such problem was the slow decline in lakewater calcium levels, with important ecological repercussions. Although an increase in pH levels has been recorded in some previously acidified softwater lakes, the pace of chemical and particularly biological recovery has often been slower than anticipated [9] . The long-term depletion of base cations, and especially calcium (Ca) from watershed soils (and hence lakes), to levels below pre-acidification concentrations has been implicated as one possible factor hampering this recovery.
The mechanisms driving Ca depletion in lakes were generally understood early in the acid rain debates [10] . Specifically, acid precipitation accelerated the leaching of Ca from surrounding soils, such that during the early stages of acidification, lakewater Ca concentrations were probably elevated (although this period pre-dates modern monitoring programmes). In carbonate-rich areas, Ca continued to be readily leached into lakes, but in regions characterized by Precambrian granitic bedrock, the once readily available Ca supplies were depleted, as leaching rates exceeded natural weathering rates. Furthermore, as trees also take up and store large amounts of Ca, timber harvesting can act as a net exporter of Ca reserves, exacerbating watershed Ca loss [11] . Atmospheric Ca inputs (e.g. dust) may also have declined in certain regions, further contributing to depleted soil Ca pools [12] .
Fortunately, a few ecosystem managers had the foresight, dedication and perhaps most importantly the funding to establish long-term, systematic monitoring of strategically selected lakes (e.g. [13] ). In Canada, one such area was the provincial government aquatic research facility in Dorset (Ontario) which, since the mid-1970s, has been monitoring water quality changes in a suite of eight lakes (named the 'A-lakes') on the Precambrian Shield [14] . For ecosystem processes operating 'under the radar', the power of long-term monitoring was clearly evident here, as it was in similar programmes in Norway [15] and the United Kingdom [9] . With over four decades of systematic monitoring available (figure 2a), it is clear that Ca levels have declined in the Dorset A-lakes. However, such a trend would not be evident in even a decade-long monitoring programme (figure 2b), where no directional trend is evident.
Despite the availability of over four decades of monitoring data showing declining Ca levels, important questions remained. (1) What were 'natural' Ca concentrations in lakes before the onset of acid rain and timber harvesting? More specifically, given reductions in acid precipitation, are current lakewater Ca concentrations simply returning to pre-acidification conditions (as some early models had suggested), or have lakes entered a new, unprecedented low Ca state? (2) Does it matter? Ca is an essential nutrient for all living organisms, but have declining Ca levels affected biological communities and ecosystem services? To answer such questions, much longer datasets that focus on both chemical and ecological changes are required.
Given that Ca is a mobile element in sediments, direct geochemical measurements of Ca concentrations in the dated sediment cores was not a reliable option. However, following important field and laboratory-based studies [17, 18] , it became apparent that certain organisms, and especially Cladocera (Crustacea), a keystone group of freshwater invertebrates (commonly known as 'water fleas'), had differential species-level Ca requirements. For example, some large-bodied Daphnia species exhibit a threshold-type response reducing their ability to maintain their populations when ambient Ca concentrations fall below approximately 1.5 mg l 21 . Given that monitoring programmes were already recording lower Ca concentrations in many softwater lakes [16] , how have these slow and gradual changes in lakewater chemistry affected foodwebs? Using Cladocera assemblage changes in dated lake sediment cores, palaeolimnologists repeatedly showed major shifts in invertebrate assemblages that could be linked to declining Ca levels (reviewed in [19] ). Specifically, large-bodied planktonic Daphnia species were especially vulnerable-a species response that was predicted from earlier field and laboratory-based studies (e.g. [17, 18] ). Importantly, given the abundance of large-bodied and Casensitive Daphnia remains in pre-acidification lake sediments, palaeolimnologists could further conclude that the recent declines in lakewater Ca concentrations were not simply tracking a return to pre-acidification Ca levels. Rather, the current Ca concentrations represent a new ecological state, with the loss of several keystone invertebrate taxa that are no longer able to reproduce in appreciable numbers in the low calcium waters.
If keystone planktivores were declining in Ca-poor waters, then were other components of the freshwater foodweb becoming more competitive? The answer appears to be 'yes', but once again with undesirable consequences that occurred 'under the radar'. For example, using a spectrum of palaeolimnological approaches, Korosi et al. [20] concluded that, due to reduced top-down grazing effects, the replacement of large-bodied, efficient filter feeders by less efficient (and less Ca-sensitive) Bosmina species was likely to be a contributing factor to recent algal blooms. Furthermore, Jeziorski et al. [21] tracked the replacement of Daphnia with Holopedium glacialis, a jelly-clad competitor with low Ca requirements. Although both Cladocera are filter-feeding planktivores, Holopedium have lower nutrient content than daphnids, thus affecting energy transfer through foodwebs, with the additional negative effect that the increasing populations of jelly-clad Holopedium have blocked water intakes and disrupted filtration procedures in some low Ca lakes [21] .
Importantly, low Ca levels may act as a barrier to biological recovery in some acid-sensitive systems. While pH may have recovered to pre-impact levels in some lakes (e.g. [16] ), if Ca, an essential nutrient, is not present in sufficient concentrations, and climate change or other stressors [22] have significantly altered lake conditions, then current remediation efforts will be chasing a moving target [23] . The 'goal posts have moved', with serious and long-ranging consequences.
Identification of an environmental problem is the first step in developing an ecologically realistic mitigation strategy. Nonetheless, while palaeolimnology played a key role in showing that Ca declines have been occurring slowly over long time frames in many softwater lakes, proposing effective remediation efforts are not simple. Replenishing Ca to watersheds and lakes (e.g. liming) can have negative environmental impacts and is not a practical solution on a large, regional scale. A pilot project using small, mainly residential sources royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190834 of non-industrial wood ash as a Ca supplement to watersheds is now underway in Muskoka (Ontario) with some promise [24] , but such a local approach is probably limited to small-scale applications near communities.
Forensic palaeolimnology: finding the 'smoking guns' in retrospective environmental assessments
Industrial developments, such as mining and resource extraction, continue to expand worldwide. One of the largest such developments has been the Canadian oil sands or tar sands, which began operations in the northern part of Alberta at a small scale in the late 1960s, but accelerated greatly after 1980. Unlike many other major reserves of petroleum, the raw material in the Alberta oil sands comprised a mixture of sand, clay and water, saturated with a viscous form of petroleum referred to as bitumen (or often simply as tar). This deposit contains the world's third largest oil reserve, providing many potential benefits, especially as they relate to the economy, employment and energy security. While the massive operations under way to extract oil from bitumen are clearly not 'under the radar', aerial contaminants originating from these industries may be. Not surprisingly, controversy has characterized the intense development of this remote boreal region, with significant environmental, social and Indigenous peoples concerns. The expansion of the oil sands over the last approximately 50 years has increased the risk of potentially major water quality and quantity issues, including complex contaminant pollution and ecological shifts of aquatic systems [25] . Additionally, interactive and cumulative effects of regional climate change and other multiple stressors may further exacerbate impacts on local ecosystems [26] . However, given the near absence of reliable long-term environmental monitoring data, it is difficult to determine what is 'natural' in aquatic systems located within this hydrocarbon-rich landscape. The issue is complicated further, as the bituminous material commonly occurs very close to the surface royalsocietypublishing
Given that the oil sands material is so close to the surface waters, could contaminants typically associated with the petroleum industry simply be naturally high in aquatic systems in this region?
The absence of a long-term and systematic monitoring programme required that indirect forensic approaches be used to determine pre-impact conditions and trajectories of pollution impacts from oil sands operations. Given the abundance of shallow lakes in the region, with their small catchments and less complex hydrologic characteristics, and the fact that the air-borne contaminants are commonly associated with the petroleum industry, these small water bodies provide great potential for reconstructing aerial pollution trends in both space and time. Several potential pollutants have been associated with the oil sands operations, but I will briefly focus on polycyclic aromatic hydrocarbons (PAHs) as these aromatic compounds are prominent within Athabasca oil sands bitumen [25, 27] .
An analysis of aerially deposited contaminants in snow samples by Kelly et al. [25] was the first to identify high PAH deposition within approximately 50 km of the main development area (using site AR6 as a reference point, about 2 km from a major bitumen upgrading refinery). Their results had far-reaching repercussions, as they also highlighted some of the shortcomings in the ongoing water quality monitoring programme in the region [28] . If PAHs are higher near the main processing facilities on a spatial scale, can a historical reconstruction pinpoint the timing and trajectory of PAH pollution in the region?
Kurek et al. [29] used palaeolimnology to provide the missing 'temporal perspective' necessary to place contemporary PAH loadings into their historical context. Using five shallow lakes within a 50 km radius of the AR6 site (as well as one lake approx. 90 km to the northwest), Kurek et al. [29] used dated lake sediment cores to show that PAHs have increased slowly but substantially (ranging from 2.5 to 23 times above pre-development levels) since oil sands development began in the late 1960s (figure 3). The lakes closest to the AR6 site, and in line with prevailing wind patterns from the south, recorded the highest PAH increases. This pattern is clearly not 'natural' and highlights temporal differences from other remote lakes in north-central North America, where PAH loadings have generally decreased since the mid-1900s.
Although total PAH concentrations were quite telling on their own, it is important to remember that many PAHs also come from natural sources, such as forest fires. However, these compounds can be further 'fingerprinted' to their sources, enabling a distinction between biomass burning (e.g. forest fires) and hydrocarbon-based PAH compounds. For example, reliable markers of hydrocarbon-based sources of PAHs include alkylated phenanthrene, chrysene and dibenzothiophenes (DBTs). Kurek et al. [29, 30] used ratios between PAHs linked to the fossil fuel industry to those from forest fires to show a clear shift to hydrocarbon-based PAH sources in the modern sediments of the study lakes. Using data from the six dated lake sediment cores examined in the original Kurek et al. [29] study, Kurek et al. [30] showed the spatial trends in enrichments of C1 -C4 alkylated (PAHs) and total DBTs, which could be linked to the Athabasca oil sands operations. Even Namur Lake, located about 90 km to the northwest and upwind of AR6, had slightly elevated PAH concentrations that could be linked to oil sands production and not recent wildfire impacts [30] .
Clearly, questions still remain regarding the pollution signature in space and time, and elucidating how industrial development affects aquatic ecosystems, including lake ecology [26, 31] . This is especially relevant within a region experiencing warming temperatures and drier conditions [32] , where pollutants can be further concentrated due to lower water levels. Some especially promising approaches to tracking pollution histories in lakes include the use of stable isotope ratios of PAHs that can then be used to further 'fingerprint' the provenance of contaminants [33] , and the application of non-target high-resolution mass spectrometry to help characterize chemical contamination [34] , as well as '-Omics' screening methods for source identification [35] . Furthermore, given that lakes are often common features of many landscapes worldwide, there is considerable potential to extend sedimentary analyses to encompass broad spatial scales, such as examining trends in mercury deposition across large regions of the Arctic, far from any local sources [36] , or tracking the deposition of fly ash particles [37] , which are by-products of fossil fuel combustion, or emerging water quality issues such as the accumulation of microplastics [38] .
Climate warming and a 'longer summer': potential consequences for algal blooms
My first two examples of emerging issues dealt with water quality concerns that typically would not be noticed by the general public (i.e. too low (Ca) or too high (PAHs) concentrations of an essential nutrient and contaminants, respectively). I conclude this perspective with the most commonly cited and highly visible aquatic ecosystem problem noted in inland waters, namely nuisance algal blooms. Algal and especially cyanobacterial (blue-green algal) blooms can negatively impact water bodies, affecting the aesthetic, recreational, residential, industrial and ecological value of lakes. For example, high algal concentrations can result in surface scums, decreased water clarity, taste and odour problems, and increased costs for water processing. Furthermore, when the blooming phytoplankton eventually die and sink in the water column, deep-water oxygen concentrations may become depleted, which can negatively impact the habitat of prized angling fish, such as trout, as well as facilitating internal loading of phosphorus (P) from the sediments. Importantly, neurotoxins, hepatotoxins and cytotoxins produced by many species of cyanobacteria (cyanotoxins) can impact the fitness of many organisms, including human health [39] .
High concentrations of algal scums are clearly not 'under the radar' of managers and the public, but the putative triggers for these blooms are often less obvious. Algal blooms have been studied for decades, and it is now well established that cultural eutrophication (i.e. fertilization with limiting nutrients, especially P) from point and diffuse sources can promote blooms. Worldwide, what has surprised many lake managers and limnologists is the increased prevalence of algal blooms in waters with no apparent enrichment, and even in waters with declining nutrient concentrations royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190834 [40 -42] . For example, in lakes across Ontario, Canada, there has been a significant rise in the number of confirmed cyanobacterial bloom reports since the 1990s, and many are from remote lakes that are oligotrophic or have not experienced nutrient fertilization [43] . This suggests that factors other than cultural eutrophication are driving the recent increase in nuisance bloom occurrences at these sites.
While a myriad of changing environmental factors can benefit algal production, climate warming continues to be implicated in a number of studies. Stated more plainly, blue-green algae 'like it hot' [44] . The available monitoring data, supplemented by palaeolimnological inferences, have tracked some of the key climate-related limnological changes occurring with a 'longer summer' in temperate lakes, namely warmer surface waters and a longer ice-free period, and enhanced thermal stratification [45] [46] [47] [48] [49] [50] . Such limnological changes are conducive to increasing the frequency, duration and intensity of algal blooms. For example, bloom-forming cyanobacteria are typically more competitive in warmer water [51] and, due to their ability to regulate their position in the water column, longer periods of thermal stratification may provide a considerable advantage with reduced water column mixing, monopolizing light and nutrient resources and effectively shading out their competition [52] .
Many questions remain, not least of which is whether such bloom events occurred naturally in the past and what are the trigger thresholds for recent algal blooms in regions where nutrient concentrations have not increased and landuse change is negligible. Using a combination of proxy data, including subfossil algal and invertebrate remains, and fossil pigments, coupled with environmental DNA and cyanotoxins preserved in dated sediment profiles, palaeolimnologists are providing important insights implicating climate-related factors.
A prime study site to examine the triggers of recent algal blooms is Lake of the Woods (LOW), a large, hydrologically and morphologically complex, international water body that shares borders with Minnesota (USA) and the Canadian provinces of Ontario and Manitoba. Over the past approximately 20 years, there has been growing concern that water quality on this large and complex water body is deteriorating, initiated by anecdotal evidence of increased intensity and frequency of algal blooms, including toxic blooms with one reported dog death [53] . However, there appeared to be a disconnect between increased blooms and recorded decreases in nutrient loading to the lake from the Rainy River, which contributes an estimated 75% of the external P load. This apparent conundrum raised the question: if it was not nutrient fertilization, then what was fuelling these recent algal blooms? Palaeolimnology was used to help address these questions.
Sediment cores and water chemistry were collected from across the northern part of LOW revealing that there currently was a strong gradient of total P, with higher nutrients in the main basin derived from the Rainy River and lower nutrients in the deep bays away from the main channel [54] . To track past changes in nutrients, diatoms were examined in sediment samples from 18 sites in a so-called 'top -bottom palaeolimnological study' [55] , where a surface (i.e. 'top') sediment sample is analysed representing current limnological conditions and a sample from pre-1850 sediments (i.e. 'bottom') to represent pre-anthropogenic conditions. This 'before-and-after' study showed that diatom assemblage composition across the northern parts of the lake had changed substantially over time. However, a diatom-inferred model for total P (DI-TP) applied to the subfossil diatom assemblages showed that total P had declined or had not changed across the northern LOW since pre-industrial times [55] , suggesting that triggers other than nutrients were affecting algal assemblages.
To better understand what changes in LOW could have fostered recent algal blooms and when this occurred, highresolution sediment cores were collected from across the northern basin and dated using 210 Pb chronology [56] . Com- Figure 3 . Concentrations of total PAHs in a 210 Pb-dated sediment core from lake NE20, located 20 km northeast of the AR6 site. The concentrations of PAHs clearly show an approximately 23-fold increase above pre-disturbance levels, coeval with oil sands developments in the region [29] . Inset is an image of a bitumen processing facility.
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190834 total P concentrations and algal blooms have been observed, and where the phytoplankton are dominated by blue-green algae in late summer. The reference site is isolated from the Rainy River, and thus has lower total P and no observed algal blooms, and the phytoplankton are not dominated by blue-greens. Similar to the top-bottom study discussed above, the dated cores showed substantial diatom compositional changes over the past approximately 200 years, but the applied DI-TP model indicated very little change in nutrients over time. Rather, the nature and timing of the diatom assemblage shifts (i.e. increases in small cyclotelloid taxa at the expense of larger and heavier Aulacoseira species [49] ) were indicative of limnological properties that we would expect with regional warming-namely longer ice-free periods, warmer waters, reduced wind speed and prolonged periods of thermal stratification, which were especially evident since the late 1970s and the early 1980s.
The next step was to determine if, in fact, algal biomass had actually increased coeval with warming-related changes in lake properties. By using spectrally inferred chlorophyll a (which includes its main diagenetic products [57] ) concentration in LOW cores, Paterson et al. [58] estimated past trends in aquatic primary production. In accordance with anecdotal records of algal blooms, inferred trends in chlorophyll a increased at the five impacted sites beginning in the late 1970s to the early 1980s. Meanwhile, no directional change in chlorophyll a was observed at the oligotrophic reference site with no recorded cyanobacteria blooms. While inferred changes in chlorophyll a showed no relationship to long-term trends in diatom-inferred total P concentrations, the changes were positively correlated to measured climate variables and matched the diatom-inferred changes in climate-related limnological properties (e.g. longer and warmer ice-free periods, longer periods of thermal stratification, etc.). The effects of a warmer climate on algal biomass were clearer at sites with elevated nutrient concentrations, confirming that temperature may be an important driver of cyanobacterial abundance, once critical nutrient thresholds are crossed. A subsequent multi-proxy study examining the past approximately 11 000 years of LOW's history showed that the northern basin had similarly experienced increases in whole-lake algal production during the low-water phase of the Mid-Holocene dry and warm period [59] .
The palaeolimnological evidence was mounting that 'longer summers' were conducive to higher concentrations of algal biomass in LOW. But were cyanobacteria forming these blooms and, if so, were these taxa producing toxins? Pilon et al. [60] provided strong supporting evidence to answer both the above questions by employing novel palaeolimnological approaches using sediment DNA and microcystin toxins preserved in LOW sediment cores. Gene copy numbers of a targeted portion of the microcystinsynthetase operon (mcyD), and microcystin toxins measured chemically were only detected beginning in the early 1980s. This matched closely the diatom-inferred changes in lake properties (electronic supplementary material, figure S1 ) linked to climate warming [56] and the reconstructed trends in sedimentary chlorophyll a [58] . The Pilon et al. [60] study showed that the occurrence of Microcystis, a cyanobacterium with the potential to produce hepatotoxic microcystins, was also a recent development and not a significant part of the natural state of LOW.
Palaeolimnological records have also identified lakes that have much longer records of cyanobacterial blooms, occurring long before the period of anthropogenic impacts. Palaeolimnologists in western Canada have used a variety of techniques, including diatoms, to infer that lakes had naturally high P concentrations and algal blooms have been a common occurrence prior to European settlement. For example, Baptiste Lake in Alberta is currently eutrophic and experiences frequent cyanobacteria blooms. A palaeolimnological assessment [61] , however, clearly showed that diatoms indicative of high nutrient waters dominated the assemblage well before any local human impacts could be implicated as sources of nutrient enrichment (although recent human impacts have exacerbated the lake's eutrophic status). In short, the lake was naturally eutrophic. Using the same techniques described above for LOW, Pilon et al. [60] detected both fossil mcyD gene copy numbers and microcystins in sediments as far back as 1830, well before European settlement. In contrast to LOW, toxic blooms are not a new phenomenon in Baptiste Lake.
Results such as these must temper mitigation targets. Of course, any additional nutrient inputs would probably exacerbate the situation further, but given that Baptiste Lake is naturally eutrophic and has experienced cyanobacterial blooms over the past approximately 150 years, it is unreasonable to expect any realistic lake management strategy will shift the lake to an oligotrophic state.
Palaeolimnological studies are now available to assess bloom formation on broad spatial scales. For example, in order to determine whether blue-green algae have increased in abundance over the Northern Hemisphere, Taranu et al. [41] examined historical trends in sedimentary cyanobacterial pigments from 108 highly resolved sedimentary time series from North America and Europe. They showed that blooms have increased since ca 1800 CE, with the biggest changes occurring after ca 1945 CE. Attempting to manage cyanobacterial blooms against a backdrop of current global change is one of the greatest challenges that lake managers face, and it is becoming clear that to do this effectively will require a complex, integrative approach that includes a suite of tools and innovative methods [62] . Combining ongoing limnological research (observational, experimental, modelling) with the temporal perspectives that paleolimnological assessments provide, can be key to improving our understanding of algal blooms and climate change. While a minimum concentration of nutrients is clearly a pre-requisite for an algal bloom to occur, as has now been shown in a variety of palaeolimnological studies (e.g. [63] ) external nutrient additions are not a necessary precondition for triggering cyanobacterial blooms. Rather, accelerated warming over the past few decades appears to be the new 'threat multiplier' [3] . Lower nutrient loading will therefore be needed in a future warmer world to achieve the same ecological state as we have today [64] .
Conclusion
Modern society has opened a perpetual Pandora's box of environmental stressors, as we unleash new and complex problems. Many of the effects of these stressors are interactive with additive or even multiplicative effects, often resulting in unpredictable trajectories leading to ever-more complex problems. I am reminded of the Red Queen's race in Lewis royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190834
Carroll's Through the Looking-Glass, where the Red Queen and Alice are constantly running but remaining in the same spot. In some respects, given the complexity of new environmental issues, standing in the same place might be the most optimistic viewpoint we might have-but unfortunately, I feel we are constantly falling behind, despite our efforts.
Identification of an environmental problem is the first step to solving it. However, as Nisbet [65] concluded, 'Monitoring is science's Cinderella, unloved and poorly paid'. Palaeolimnology provides a powerful avenue for retrospective environmental assessments, providing high-quality datasets that can be used to help address important environmental issues, to generate and test hypotheses, and to suggest mechanisms. Effective environmental management, however, is further complicated by the time scales of elected governments (typically 4 years or less) and of industries (most CEOs appear to focus on time scales of quarters or three months). Such time scales are at odds with the temporal perspectives needed to effectively deal with environmental problems. Furthermore, 'under the radar', seemingly reasonable phrases such as 'eliminating red tape' and 'increasing efficiencies' are proffered as amendments to environmental legislation, when in reality the overall goals of these Orwellian statements are simply to weaken environmental assessments. These issues, along with 'manufactured doubt' and 'manufactured discontent' (i.e. in my view, the focus of many recent forms of populism, driven largely by slogans), coupled with accelerated attacks on science and evidence, have further challenged progress on environmental issues. Nonetheless, the stakes are too high to surrender. We need water; water does not need us.
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